[1] The radiative response of tropical clouds to global warming exhibits a large spread among climate models, and this constitutes a major source of uncertainty for climate sensitivity estimates. To better interpret the origin of that uncertainty, we analyze the sensitivity of the tropical cloud radiative forcing to a change in sea surface temperature that is simulated by 15 coupled models simulating climate change and current interannual variability. We show that it is in regimes of large-scale subsidence that the model results (1) differ the most in climate change and (2) disagree the most with observations in the current climate (most models underestimate the interannual sensitivity of clouds albedo to a change in temperature). This suggests that the simulation of the sensitivity of marine boundary layer clouds to changing environmental conditions constitutes, currently, the main source of uncertainty in tropical cloud feedbacks simulated by general circulation models. Citation: Bony, S., and J.-L. Dufresne (2005), Marine boundary layer clouds at the heart of tropical cloud feedback uncertainties in climate models,
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Introduction
[2] For more than a decade, the large spread of cloud feedbacks among climate models has been considered a major source of uncertainty for climate sensitivity estimates [Cess et al., 1990; Houghton et al., 2001; Colman, 2003; Stephens, 2005] . The representation of convective and boundary-layer processes, in addition to the parameterization of cloud properties, is known to be critical for the prediction of the clouds response to climate change [e.g., Senior and Mitchell, 1993; Yao and Genio, 1999] , and it differs widely among models. Whether the spread of cloud feedbacks among current models results primarily from different responses of deep convective clouds, boundary-layer clouds or both remains an open question.
[3] To investigate this issue, we examine the radiative response of clouds to a change in environmental conditions which is predicted over tropical oceans (30°S-30°N) by 15 coupled ocean-atmosphere general circulation models (OAGCMs) that have performed simulations in support of the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. First, we consider idealized climate change scenarios in which the atmospheric concentration of carbon dioxide increases by 1% per year, and we analyze the large-scale conditions in which the tropical clouds response to global warming is the most different among models. Second, we analyze observations and 20th century simulations performed by the same models to explore how the radiative effect of clouds (referred to as the cloud radiative forcing or CRF) is affected by a change in environmental conditions at the interannual timescale, and to investigate in what situations the disagreement is the greatest among models, and between models and observations.
Compositing by Dynamical Regimes
[4] In the tropics, the relative occurrence of the different cloud types strongly depends on the large-scale atmospheric circulation. By using the monthly-mean mid-tropospheric (500 hPa) vertical pressure velocity w as a proxy for largescale rising (w < 0) or sinking (w > 0) motions, we decompose the large-scale tropical circulation as a series of dynamical regimes defined from w (bins of 5 hPa/d), and we compute composites of climate variables in these regimes [Bony et al., 2004] . To a first approximation, this methodology allows us to segregate regimes of deep convection and upper-level cloud tops from regimes of shallow convection and low-level cloud tops (Figure 1 ). The frequency distribution P w of the different dynamical regimes shows that situations of largescale subsidence are by far the most frequent over tropical oceans. These situations primarily occur over the trade winds and at the eastern side of the ocean basins (not shown). Marine boundary layer (MBL) clouds, topped by the low-level trade inversion, constitute the most prevalent cloudiness in these regimes [Norris, 1998b; M [5] Since the dynamics is partly tied to the SST distribution, regional changes in CRF may be related to changes in both the large-scale flow and local thermodynamic conditions. To better isolate the influence on CRF of a change in surface or boundary-layer conditions, we examine the temporal co-variation of CRF and SST anomalies under specified dynamical conditions.
Analysis of the CRF Response to SST Under Climate Change
[6] From 1% per year CO 2 increase simulations of each OAGCM, we estimate the long-term climate change response of the CRF to SST by computing 80-year time series (up to CO 2 doubling) of CRF and SST composites in dynamical regimes (these composites are referred to as C w GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L20806, doi:10.1029 /2005GL023851, 2005 Copyright 2005 by the American Geophysical Union. 0094-8276/05/2005GL023851$05.00 and T w ). In each regime, we compute monthly interannual anomalies (dC w and dT w ) by substracting the mean seasonal cycle of C w and T w calculated over the first 10 years of the simulation. Then we fit the long-term evolution of dC w and dT w through a simple linear trend over time to extract the long-term response of clouds and temperature to forced climate change (long-term, linear evolutions are referred to as dC w and dT w , respectively) from shorter-term variability. Finally, in each dynamical regime the CRF sensitivity to SST associated with climate change is calculated as the linear regression coefficient: S w CO2 = @dC w /@dT w . For each model, the tropical-mean climate change response of CRF to surface warming is given by: S = Z þ1 À1 P w S w CO2 dw.
[7] Model estimates of S exhibit a large spread, ranging from À2.0 to +1. , respectively). We note a positive correlation (0.80) between S and the warming of tropical oceans at the time of CO 2 doubling: models that simulate a less negative CRF and thus a reduced cooling effect of tropical clouds in response to global change (S > 0) predict, on average, a higher tropical warming (DT = 1.7 K ± 0.3 K) than models that simulate an enhanced cooling effect of tropical clouds (S < 0, DT = 1.2 K ± 0.2 K). The radiative response of clouds to surface warming seems thus critical to the magnitude of tropical climate change projections. Hereafter, we will refer to the 7 models that predict S < 0 and to the 8 models that predict S > 0 as low-sensitivity (LS) and high-sensitivity (HS) models, respectively.
[8] To interpret the range of S estimates, we compare the CRF response to SST changes that is predicted in each dynamical regime by the two groups of models (S w CO2 , Figure 2 ). While the LW CRF response is weak and roughly similar among the models, LS models predict for w > 0 a much weaker SW CRF response than HS models. This contrast is further amplified by the large statistical weight (P w ) of subsidence regimes. Therefore, most of the spread of S estimates arises from model differences in the SW response of clouds to temperature in regimes of shallow convection. In comparison, differences of CRF sensitivity in deep convective regimes constitute a much weaker source of spread.
Interannual Sensitivity of the CRF to SST
[9] Given the diversity of CRF responses predicted by models under climate change, it is crucial to evaluate the change in clouds that is simulated by climate models in response to a change in environmental conditions. Many observational tests should be considered for that purpose. Here, we consider the change in CRF that occurs at the interannual timescale in response to a change in SST. Note that this change is considered as an example of response to a change in environmental conditions (temperature, static stability, relative humidity, etc), not as an an analogue of the CRF response to long-term, global climate changes.
[10] The interannual CRF sensitivity to SST (S w
20C
) is estimated from observations or from simulations through a procedure similar to that described above, except that the mean seasonal cycle is defined over the period 1985 -89, and that S w 20C is defined as @dC w /@dT w . Observational estimates are derived from 17-year time series (1984 -2000) of 2.5°Â 2.5°monthly-mean data of SST [Reynolds et al., 2002] and of ISCCP-FD radiative fluxes [Zhang et ). Dotted lines show the minimum and maximum values of S w CO2 predicted by the 15 OAGCMs. Lines with red squares (blue circles) show the mean and the standard deviation of the sensitivity of the 8 HS models predicting S > 0 (7 LS models predicting S < 0, respectively). See color version of this figure in the HTML. , and large-scale estimates of w derived from global reanalyses. Estimates of S w 20C are computed using w from either the 40 year re-analysis ERA40 (documentation of the European Centre for Medium-Range Weather Forecasts (ECMWF) 40 year re-analysis (ERA40) is available at http://www.ecmwf.int/products/data/archive/descriptions/ e4/) or the NCEP-DOE AMIP-II Reanalysis [Kanamitsu et al., 2002] , and 5% -95% confidence intervals are computed for each estimate. We define the range of observational estimates of S w 20C as the envelope of both confidence intervals. (The different observational estimates are shown in the supporting material.)
[11] The interannual sensitivity of the NET CRF to SST inferred from observations is positive in all dynamical regimes and ranges from 0 to 6 Wm À2 K À1 (Figure 3) . In convective regimes, both the LW and SW components of S w 20C contribute to that result, while in regimes primarily associated with MBL clouds (w > 20 hPa/d), this is associated with a negligible change in LW CRF and a large reduction of the SW CRF (and thus a positive anomaly) as SST rises. Several observational studies have already pointed out the decrease of low-clouds optical thickness and albedo with increasing temperature in tropical subsidence areas [Tselioudis et al., 1992; Greenwald et al., 1995; Bony et al., 1997] . By using longer time series and by examining the CRF dependence on SST for given dynamical conditions, we find here that the weakening of SW CRF with rising SST (S w 20C, SW > 0) occurs in all regimes of the tropical circulation, and that it is maximum in regions of strong subsidence. The reasons for that large sensitivity might be related to the breakup, as SST increases, of stratiform low-level cloud types (stratus, stratocumulus) into more cumuliform clouds (trade cumulus), and thus to a smaller cloud fraction and a less negative SW CRF. Such a transition can occur if the SST increase is associated with a decrease of the lower tropospheric static stability and/or with an increase of the planetary boundary-layer (PBL) decoupling [Klein and Hartmann, 1993; Pincus et al., 1997; Norris, 1998a; Wood and Bretherton, 2004] . The thinning of cloud layers with increasing temperature [Del Genio and Wolf, 2000] , as well as the increase in precipitation efficiency of light rain [Lau and Wu, 2003 ] might also contribute to decrease the clouds optical depth and weaken the SW CRF as SST increases.
[12] Despite a wide envelope of model estimates (interannual sensitivities derived from individual OAGCMs are shown in the supporting material), over most dynamical regimes the majority of OAGCMs predict CRF sensitivities to interannual SST changes in agreement with the range of observational estimates, and little difference is found on average between LS and HS models (Figure 3) . However, an important exception occurs for w larger than about 30 hPa/d, where almost 90% of the models (13 out of 15) underestimate the SW and NET components of S w
. It is also in these regimes that the interannual CRF sensitivities of LS and HS models are the most different, with LS models underestimating slightly more the CRF sensitivity than HS models.
Conclusion and Discussion
[13] In the tropics, it is in regimes of large-scale subsidence, where MBL clouds prevail, that the radiative response of clouds to a change in surface temperature (1) differs most in climate change among models and (2) disagrees most with observations in the current climate. This combination suggests that, currently, MBL clouds are at the heart of tropical cloud feedback uncertainties in climate models.
[14] Most models underestimate the interannual sensitivity of MBL clouds albedo to a change in temperature, with HS models performing better than LS models on average (there is some variability among models of the same group). The difficulty that OAGCMs have in reproducing the observed large CRF sensitivity to SST in subsidence regimes suggests that some underlying physical processes are missing or poorly represented in the models. This presumably reveals problems in the representation of planetary boundary-layer processes and MBL clouds, and more specifically in the sensitivity of MBL clouds to changing surface and PBL properties.
[15] Since widespread changes in surface and PBL properties are expected under climate change, the weakness and the diversity of models performance in simulating the ). The shaded area shows the 5% -95% confidence interval of observational estimates derived from satellite data and reanalyses. Dotted lines show the minimum and maximum values of S w 20C predicted by the 15 OAGCMs. Lines with red squares show the median, 25th and 75th percentiles of the sensitivity predicted by the 8 HS models that predict S > 0 in climate change. Lines with blue circles show the same for the 7 LS models that predict S < 0 in climate change. See color version of this figure in the HTML. sensitivity of MBL clouds to changing environmental conditions are likely to translate into diversity and uncertainty in the response of MBL clouds to global warming. It presumably explains part of the spread of tropical cloud feedbacks discussed in section 3. It may contribute also to the inability of climate models to simulate decadal variations of the Earth's radiation budget as large as those observed [Wielicki et al., 2002] .
[16] As stressed by other studies [Webb et al., 2001; Volodin, 2004] , it is thus crucial to improve the representation of MBL clouds in climate models. However, we insist that it is the sensitivity of clouds to changing environmental conditions that needs to be assessed. For that purpose, considering only the CRF sensitivity is not sufficient because radiative sensitivities consistent with observations may be obtained through compensating errors in the sensitivity of cloud geometrical and optical properties. Moreover, it will be important to understand the physical processes that govern the clouds response to climate change, and to determine whether some of these processes are involved also in the clouds response to interannual variations. For instance, if the reduction of the SW CRF with increasing temperature predicted by a model in climate change corresponds to a stratocumulus to cumulus transition, then assessing the ability of this model to reproduce such transitions in the current climate might constitute a constraining test for climate sensitivity. More generally, process studies leading to a better assessment of the behaviour of MBL clouds with changing environmental conditions will have the potential to reduce substantially the uncertainty in model predictions of tropical cloud feedbacks and climate sensitivity.
